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Nickel-lanthanum  (LaNiC^)  and  nickel-rhodium-lanthanum  (LaNio.95Rho.05O3)  perovskite-type  oxide 
precursors  were  synthesized  by  different  methodologies  (co-precipitation,  sol-gel  and  impregnation). 
They  were  reduced  in  an  H2  atmosphere  to  produce  nickel  and  rhodium  nanoparticles  on  the  La203  sub¬ 
strate.  All  samples  were  tested  in  the  catalytic  decomposition  of  CH4.  Methane  decomposed  into  carbon 
and  H2  at  reaction  temperatures  as  low  as  450  °C— no  other  reaction  products  were  observed.  Conver¬ 
sions  were  in  the  range  of  14-28%,  and  LaNio.95Rho.05O3  synthesized  by  co-precipitation  was  the  most 
active  catalyst.  All  catalysts  maintained  sustained  activity  even  after  massive  carbon  deposition  indi¬ 
cating  that  these  deposits  are  of  the  nanotube-type,  as  confirmed  by  transmission  electron  microscopy 
(TEM).  The  reaction  seems  to  occur  in  a  way  that  a  nickel  or  rhodium  crystal  face  is  always  clean  enough 
to  expose  sufficient  active  sites  to  make  the  catalytic  process  continue.  The  samples  were  subjected  to  a 
reduction-oxidation-reduction  cycle  and  in  situ  analyses  confirmed  the  stability  of  the  perovskite  struc¬ 
ture.  All  diffraction  patterns  showed  a  phase  change  around  400  °C,  due  to  reduction  of  LaNi03  to  an 
intermediate  La2Ni205  structure.  When  the  reduction  temperatures  reach  600  °C,  this  structure  collapses 
through  the  formation  of  Ni°  crystallites  deposited  on  the  La203.  Under  oxidative  conditions,  the  per¬ 
ovskite  system  is  recomposed  with  nickel  re-entering  the  LaNiCU  framework  structure  accounting  for  the 
regenerative  capability  of  these  solids. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  catalytic  decomposition  of  methane  (CDM)  shows  a  promis¬ 
ing  alternative  to  the  traditional  methods  of  hydrogen  production, 
such  as  methane  steam  reforming  (MSR)  and  partial  oxidation  of 
methane  (POM)  [1,2].  Due  to  the  absence  of  oxygen,  the  forma¬ 
tion  of  carbon  oxides  is  completely  prevented  in  this  process,  and 
the  need  for  additional  downstream  reactions,  such  as  water-gas 
shift  and  selective  oxidation,  is  eliminated.  Moreover,  the  mixture 
of  hydrogen  and  methane  obtained  from  the  CDM  process  could 
be  directly  used  to  feed  internal  combustion  engines  or  gas  tur¬ 
bine  power  plants  [3  ],  thus  lowering  the  hydrogen  production  costs. 
Methane  decomposition  is  a  moderately  endothermic  process  that 
requires  45.1  kjmol-1  of  H2  produced  at  800  °C  [4]. 

CH4^  C  +  2H2  AH80ooC=  +90.1  kj mol-1  (1) 
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Besides  hydrogen,  a  CDM  process  also  yields  deposited  carbon. 
The  process  requires  not  only  a  metal  catalyst  (Ni,  Co,  Fe  and  Pt) 
able  to  break  the  C-H  bonds  of  the  methane  molecule,  but  also  one 
that  is  able  to  maintain  a  high  and  sustained  activity  for  a  long  time. 
On  nickel  catalysts,  the  carbon  is  usually  deposited  as  nanofibers, 
which  have  several  potential  applications,  such  as  electronic  com¬ 
ponents,  polymer  additives,  catalyst  or  catalyst  support.  In  addition, 
this  kind  of  carbon  allows  the  catalyst  to  maintain  its  activity  for  an 
extended  period  of  time  without  deactivation.  Nickel  is  considered 
to  be  the  most  efficient  metal,  since  it  catalyzes  the  decomposi¬ 
tion  of  methane  forming  carbon  nanofibers  under  relative  mild 
conditions  [5-8].  The  stability  and  activity  of  Ni  catalysts  for  CDM 
reaction  depend  on  its  textural  properties  and  surface  structure.  A 
review  of  the  results  reported  in  literature  shows  that  the  morpho¬ 
logical  appearance  of  the  deposited  carbon  and  the  kinetics  of  CDM 
are  affected  by  the  nature  of  the  active  sites  of  the  catalyst  [9],  the 
structure  of  the  catalytic  system,  the  textural  properties  and  the  size 
of  the  catalyst  particles  [10],  the  nature  of  the  support  [11,12],  and 
the  operating  conditions,  including  the  concentration  of  methane 
in  the  feed  [13]  and  the  reactor  flow  rate  [14].  CDM  reaction  needs 
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Ni-catalysts  in  which  Ni  crystallites  have  been  stabilized,  in  order 
to  avoid  sintering  during  the  regeneration  process. 

An  alternative  option  for  stabilizing  active  metal  particles  is 
to  use  perovskite-type  oxides  as  precursors.  Thus,  these  materials 
appear  as  potential  candidates  to  catalyze  the  COx-free  produc¬ 
tion  of  hydrogen  from  methane  decomposition.  Perovskite-type 
oxides  of  general  formula  AB03  (A:  alkaline  earth  or  lanthanide; 
B:  transition  element)  are  highly  stable  under  the  severe  condi¬ 
tions,  such  as  high  temperature,  imposed  by  these  reactions.  In 
these  materials,  A  is  a  large  cation,  responsible  for  the  thermal 
resistance,  and  B  is  a  redox  cation,  responsible  for  catalytic  activ¬ 
ity.  When  subjected  to  reduction  processes,  perovskite-type  oxides 
produce  very  small  particles,  in  the  order  of  nanometers,  with  high 
metallic  dispersion  [15,16].  The  efficient  use  of  these  catalyst  pre¬ 
cursors  requires  a  high  dispersion  of  the  metal  phase,  which  can 
be  achieved  by  controlled  segregation  of  the  active  phase.  In  addi¬ 
tion,  the  flexibility  of  structure  composition  allows  the  preparation 
of  bimetallic  catalysts  with  different  compositions  and  oxidation 
states.  This  may  lead  to  structural  defects  that  are  highly  appropri¬ 
ate  to  use  in  catalytic  processes.  Noble  metals  such  as  Ru,  Rh,  Pt 
and  Ir  are  known  to  prevent  the  accumulation  of  coke  on  the  cat¬ 
alyst  surface  during  methane  conversion  reactions.  Rh  seems  to  be 
the  metal  that  better  fulfils  this  requirement  with  some  compro¬ 
mise  between  activity  and  stability  [17].  It  is  also  well  established 
that  the  synthesis  method  plays  an  important  role  in  the  catalytic 
performance  for  methane  decomposition.  The  different  synthe¬ 
sis  methods  generate  structural,  surface  and  textural  changes  in 
the  properties  of  the  materials,  influencing  their  catalytic  behavior 
[18]. 

In  this  work,  we  studied  the  catalytic  performance  and  the 
regeneration  capabilities  of  catalysts  obtained  from  nickel  and 
nickel-rhodium  perovskite-type  oxide  precursors,  synthesized  by 
different  methodologies  (co-precipitation,  sol-gel  and  impregna¬ 
tion),  in  the  catalytic  decomposition  of  methane. 


2.  Experimental 

2.1.  Catalyst  preparation 

Nickel-lanthanum  (LaNi03)  and  nickel-rhodium-lanthanum 
(LaNi0.95Rh0.05O3)  perovskite-type  oxides  were  synthesized 
according  to  the  modified  citrate  [19]  and  co-precipitation  [20] 
methods.  They  are  referred,  according  to  the  synthesis  method 
used,  as  LaNi0.95Rh0.05O3-sg  and  LaNi03-sg  when  synthesized 
by  sol-gel,  LaNi0.95Rh0.05O3-cp  and  LaNi03-cp  synthesized  by 
co-precipitation  and  LaNi03-imp  synthesized  by  impregnation. 

For  the  synthesis  of  sol-gel  precursors,  stoichiometric  amounts 
of  La(N03)3xH20  (Merck,  reagent  grade)  of  Ni(N03)3-6H20  and 
RhCl3  xH20  (Merck,  reagent  grade)  were  dissolved  in  distilled  water 
and  then  added  to  a  second  solution  containing  equimolecular 
amounts  of  citric  (99.5,  Riedel-de  Haen)  and  ethylenglycol  (99.5%, 
Riedel-de  Haen)  as  a  polydentate  ligand.  The  excess  of  water  was 
slowly  removed  in  a  rotary-evaporator  until  a  viscous  liquid  was 
obtained.  Then,  it  was  slowly  heated  in  air  at  a  rate  of  1  °Cmin-1 
from  ambient  temperature  to  750  °C,  and  this  temperature  was  kept 
for  5  h.  These  conditions  are  essential  to  obtain  a  crystalline  mate¬ 
rial.  Co-precipitated  precursors  of  catalysts  were  prepared  by  the 
simultaneous  precipitation  of  nickel  and  lanthanum  ions  using  a 
solution  of  nitrate  of  nickel,  nitrate  of  lanthanum,  RhCl3  xH20  and 
I<2C03  as  precipitating  agent.  La  and  Ni  salt  nitrates  and  Rh  chlo¬ 
ride  salt  were  dissolved  in  distilled  water  to  obtain  1  M  solutions. 
Both  solutions  were  mixed  together  under  vigorous  stirring.  Then, 
a  stoichiometric  quantity  plus  10%  of  an  aqueous  solution  of  I<2C03 
(99.0%  minimum,  Johnson  Matthey)  was  rapidly  added.  Under  basic 


(pH  >9)  conditions,  water  was  partially  evaporated  by  heating  the 
solution  to  70  °C.  Before  filtering,  the  precipitate  was  washed  with 
ice-cooled  distilled  water  until  the  pH  of  the  filtrate  became  neu¬ 
tral.  The  precursors  were  then  dried  at  100  °C  for  4h  and  calcined 
at  750  °C  for  5  h. 

A  reference  LaNi03  supported  material  was  synthesized  by 
impregnation  of  La203  previously  calcined  by  an  aqueous  solu¬ 
tion  of  nickel  nitrate.  The  excess  of  water  was  slowly  removed  in  a 
rotary-evaporator  and  then  the  solid  was  calcined  at  500  °C  for  5  h. 

2.2.  Characterization 

The  chemical  compositions  of  the  catalyst  precursors  were  ana¬ 
lyzed  by  Inductively  Coupled  Plasma  Emissions  Spectroscopy  (ICP) 
using  a  PerkinElmer  ICP/5500  instrument.  The  structural  charac¬ 
terization  of  all  calcined  catalyst  precursors  and  spent  catalysts 
were  performed  by  powder  X-ray  diffraction  with  nickel-filtered 
Cu  Ka  radiation  (A  =  0.1538  nm)  using  a  Seifert  3000P  instrument. 
XRD  profiles  were  collected  in  the  20  range  of  5-80°,  in  steps  of 
2°  min-1 .  Phase  identification  was  carried  out  by  comparison  with 
the  JCPDF  database  cards.  Particle  size  of  nickel  crystallites  were 
determined  by  the  Scherrer  equation  using  the  Ni(l  1 1)  reflection 
at  20  =  44.5°  for  line  broadening  measurements.  BET  specific  sur¬ 
faces  areas  were  calculated  from  the  nitrogen  adsorption  isotherms 
at  liquid  nitrogen  temperature  on  a  Micromeritics  ASAP  2100  appa¬ 
ratus,  taking  a  value  of  0.162  nm2  for  the  cross-sectional  area  of  the 
adsorbed  N2  molecule.  Prior  to  adsorption  measurements,  samples 
were  degassed  at  250  °C. 

The  reduction  behavior  of  the  oxides  was  studied  by 
temperature-programmed  reduction  (TPR).  The  experiments  were 
carried  out  on  a  semiautomatic  Micromeritics  TPD/TPR  2900  appa¬ 
ratus  interfaced  with  a  microcomputer.  20  mg  of  the  sample  was 
placed  in  a  U-shaped  quartz  tube.  The  sample  was  first  purged  in  a 
helium  stream  at  150  °C  for  1  h  and  then  cooled  to  room  tempera¬ 
ture.  Reduction  profiles  were  recorded  by  passing  a  10%  H2/Ar  flow 
at  a  rate  of  50  mL  min-1  and  heating  rate  of  10  °C  min-1  from  room 
temperature  to  800  °C.  A  cold-trap  was  placed  just  before  the  TCD 
of  the  instrument  to  remove  the  water  from  the  exit  stream. 

Surface  analyses  for  calcined  and  activated  oxide  precursors 
were  carried  out  in  a  VG  Escalab  200R  electron  spectrometer 
provided  with  Al  Ka  (hv  =  1486.6eV,  1  eV=  1.6302  x  10-19J)  X-ray 
source  and  a  hemi-spherical  electron  analyzer.  The  powder  sam¬ 
ples,  pressed  in  8  mm  diameter  copper  troughs,  were  fixed  on  the 
XYZ  manipulator.  The  base  pressure  in  the  analysis  chamber  was 
maintained  below  4  x  10-9  mbar  during  data  acquisition.  The  pass 
energy  of  the  analyzer  was  set  at  50  eV,  for  which  the  resolution 
as  measured  by  the  full  width  at  half  maximum  (FWHM)  of  the 
Au4f7/2  core  level  was  1.7  eV.  The  binding  energies  were  referenced 
to  the  Cls  peak  at  284.6  eV  due  to  adventitious  carbon.  Data  pro¬ 
cessing  was  performed  with  the  XPS  peak  program,  the  spectra 
were  decomposed  with  the  least  squares  fitting  routine  provided 
with  the  software  with  Gaussian/Lorentzian  (90/10)  product  func¬ 
tion.  After  subtracting  a  Shirley  background,  atomic  fractions  were 
calculated  using  peak  areas  normalized  on  the  basis  of  sensitivity 
factors. 

The  morphologies  of  the  oxides,  activated  in  H2  and  after  reac¬ 
tion,  were  recorded  by  transmission  electron  microscopy  (TEM) 
with  a  JEOL  2000  FX  microscope,  with  an  acceleration  voltage  of 
200  kV.  Specimens  for  TEM  were  prepared  by  ultrasonically  dis¬ 
persing  some  powder  sample  in  iso-octane  and  placing  a  droplet  of 
the  suspension  on  a  copper  grid  covered  with  a  carbon  film. 

The  regeneration  capability  of  the  oxide  precursors  was  stud¬ 
ied  in  situ  by  X-ray  diffraction  experiments  using  a  Siemens 
D-8  advanced  instrument  with  a  Cu  Ka  radiation  (A  =  0.1538  nm) 
for  crystalline  phase  detection  between  10°  and  80°  (20),  under 


Table  1 

Chemical  analysis  of  precursor  oxides 
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temperature-programmed  reduction  in  3%  H2  (50mLmin-1)  and 
temperature-programmed  oxidation  (TPO)  in  air  (33mLmin-1). 
XRD  data  were  collected  while  the  catalyst  was  subjected  to 
this  reduction/oxidation  cycle.  Phase  identification  was  carried 
out  by  comparison  with  JCPDF  standard  spectra  software.  LaNi03 
perovskite  (20  =  32.5°)  and  nickel  metallic  (20  =  44.5°)  crystallite 
particle  sizes  were  determined  by  the  Scherrer  equation  using  line 
broadening  measurements. 

2.3.  Catalytic  measurements 

Activity  measurements  were  carried  out  in  a  continuous  flow, 
fixed-bed  reactor  working  at  atmospheric  pressure.  60  mg  of  the 
catalyst  was  placed  between  quartz  glass  plugs  in  the  center  of 
a  cylindrical  tube  reactor  (11mm  i.d.).  The  temperatures  at  the 
internal  and  external  walls  of  the  reactor  were  measured  by  Ni-Cr 
thermocouples. 

Prior  to  activity  measurements,  the  catalyst  precursors  were 
reduced  in  a  10%  H2/N2  mixture  at  700  °C  for  2  h,  to  generate  the  Ni° 
and  Ni°-Rh°  metal  phases.  Subsequently,  the  reactor  was  flushed 
with  a  nitrogen  stream  while  cooling  to  room  temperature.  The 
reaction  was  carried  out  by  feeding  3%  CH4,  diluted  with  N2  at  a 
total  flow  of  200  mL  min-1,  WHSV  =  200h-1.  Stability  tests  were 
performed  at  450  °C  for  5h.  Other  reaction  conditions  were  also 
tested  (temperature  of  650  °C  and  total  flow  of  100  mL min-1)  for 
two  selected  samples,  the  ones  with  the  highest  and  the  lowest 
methane  conversions.  For  all  cases,  the  reaction  products  were  ana¬ 
lyzed  on-line  by  a  Varian  3400  gas-chromatograph  provided  with 
thermal  conductivity  detector  and  columns  packed  with  Porapak  N 
and  13X  molecular  sieves.  Estimated  error  of  gas-phase  composi¬ 
tion  was  within  5%. 

In  order  to  understand  the  relationship  between  the  structural 
changes  of  the  catalysts  precursors  and  their  catalytic  perfor¬ 
mances,  a  reaction-regeneration-activation-reaction  cycle  as  a 
function  of  temperature  in  the  25-850  °C  range  was  carried  out. 
The  activation  procedure  was  the  same  as  described  before  and 
it  was  carried  out  prior  to  each  reaction  cycle.  After  the  reac¬ 
tion,  the  sample  was  cooled  down  to  room  temperature  and 
exposed  to  an  air  flow  of  100  mL  min-1.  Then,  the  sample  was 
heated  to  700 °C  in  2h  and  maintained  at  this  temperature  for 
another  2h.  In  addition  to  these  experiments,  a  series  of  five 
activation-reaction-regeneration  cycles  was  performed  for  the 
best  catalyst.  The  activation  and  regeneration  procedures  were 
the  same  as  described  for  the  other  cycles.  However,  the  stabil¬ 
ity  of  the  sample  was  tested  at  a  fixed  temperature  (450  °C)  during 
3  h. 


3.  Results  and  discussion 

3.1.  Chemical  analysis  and  BET  specific  surface  area 

Table  1  shows  a  list  of  the  synthesized  perovskite-type  oxides 
and  their  chemical  composition.  The  values  obtained  for  each  ele¬ 
ment  are,  within  experimental  error,  very  similar  to  the  theoretical 
ones,  indicating  a  close  concurrence  between  experimental  and 
theoretical  molecular  formula  for  the  perovskite-type  oxides.  For 
all  samples,  there  is  a  slight  excess  of  nickel,  suggesting  the  pres¬ 
ence  of  another  separated  phase  of  nickel  (NiO)  with  the  main 
structure.  The  results  show  that  both  preparation  methodologies 
produce  homogeneous  structures. 

BET  specific  surface  areas  of  the  precursors,  calcined  in  air  flow 
at  750  °C  for  5  h,  are  between  3  and  8  m2  g-1  (Table  2).  These  values 
are  rather  low  and  similar  to  the  ones  found  for  similar  samples 
calcined  at  temperatures  in  the  range  of  700-900  °C.  These  results 
are  in  agreement  with  a  previous  work  [21  ]  that  also  showed  low 
values  of  BET  areas  for  these  perovskite-type  oxides  calcined  at  high 
temperatures.  The  specific  surface  area  displayed  by  these  samples 
mainly  corresponds  to  the  external  area  of  the  particles  approach¬ 
ing  a  spherical  geometry,  which  is  characteristic  of  non-porous 
materials.  In  general,  BET  specific  surface  areas  were  slightly  lower 
for  the  oxide  precursors  synthesized  by  the  sol-gel  method  than 
for  their  analogues  obtained  by  co-precipitation.  The  exception  to 
this  trend  is  the  oxide  prepared  by  impregnation  of  the  La203  sub¬ 
strate  with  the  nickel  salt,  which  presented  a  BET  area  of  10  m2  g-1 , 
attributed  to  the  lower  calcination  temperature  (500  °C)  used.  At  a 
higher  calcination  temperature  (750  °C),  the  BET  area  decreased  to 
a  value  close  to  that  of  the  LaNii_xRhx03  (x  =  0,  0.05)  samples.  As 
expected,  the  change  of  the  specific  surface  area  depends  on  the 
grain  size  and  crystal  size:  the  larger  the  grain  size  and  crystal  size, 
the  smaller  the  specific  surface  area  [22]. 

3.2.  Active  phase  stability  study 

3.2.1.  In  situ  X-ray  diffraction  analysis 

Table  2  shows  the  main  phases  detected  by  XRD  analysis  for  all 
the  samples:  calcined,  reduced  and  the  ones  used  in  the  catalytic 
tests.  For  the  calcined  samples,  the  main  diffraction  lines  appeared 
at  32.8°,  47.0°  and  58.0°.  These  diffraction  lines  are  characteristic 
of  LaNi03  perovskite  (JCPDF  33-0711 )  rhombohedral  structure  [23]. 
Therefore,  all  samples  showed  a  perovskite  structure  as  the  main 
phase,  with  high  crystalline  and  well-defined  symmetry.  In  addi¬ 
tion  to  the  diffraction  lines  of  the  dominant  crystalline  phase,  the 
tips  of  a  minor  NiO  phase  were  also  detected,  corroborating  the 


Table  2 

BET  specific  surface  areas  (m2  g-1 ),  X-ray  diffraction  analysis  and  mean  nickel  particle  sizes 


Precursors  of  catalysts 

Specific  surface 
(m2  g-1) 

Main  phases 
(calcined) 

Main  phases 
(reduced) 

Main  phases  (after  test) 

Mean  size 
(calcined)  (nm) 

Mean  size 
(reduced)  (nm) 

Mean  size  (after 
test)  (nm) 

LaNi03-sg 

3 

LaNi03 

Ni°,  La203 

La(0H)3,La203,Ni° 

22 

21 

23 

LaNi03-cp 

7 

LaNi03 

Ni°,  La203 

La(OH)3,  La203,  Ni°,  C 

17 

15 

31 

LaNio.95  Rho.05  03  -sg 

4 

LaNi03 

Ni°,  La203 

La(OH)3,  La203,  Ni°,  C 

16 

18 

25 

LaNio.95  Rh0.05  03  -cp 

8 

LaNi03 

Ni°,  La203 

La(OH)3,  La203,  Ni°,  C 

15 

13 

29 

LaNi03-imp 

10 

LaNi03 

Ni°,  La203 

La(OH)3,  La203,  Ni°,  C 

13 

- 

22 
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Table  3 

In  situ  X-ray  diffraction  results 


Temperature  (°C) 

LaNi03-sg 

LaNi03-cp 

LaNio.95  Rho.05  03  -sg 

LaNio.95  Rho.05  03  -cp 

Phase 

Mean  size  (nm) 

Phase 

Mean  size  (nm) 

Phase 

Mean  size  (nm) 

Phase 

Mean  size  (nm) 

25 

LaNi03 

19 

LaNi03 

17 

LaNi03 

16 

LaNi03 

15 

200 

LaNi03 

20 

LaNi03 

19 

LaNi03 

18 

LaNi03 

16 

400 

La2Ni205 

13 

La2Ni205 

12 

La2Ni205 

9 

La2Ni205 

6 

Ni° 

2 

Ni° 

2 

Ni° 

2 

Ni° 

2 

600 

La203 

2 

La203 

4 

La203 

2 

La203 

2 

Ni° 

Ni° 

Ni° 

Ni° 

800 

La203 

16 

La203 

12 

La203 

12 

La203 

9 

Ni° 

Ni° 

Ni° 

Ni° 

800 

La203 

18 

La203 

11 

La203 

15 

La203 

11 

Ni° 

Ni° 

Ni° 

Ni° 

800 

La203 

22 

La203 

14 

La203 

17 

La203 

13 

Ni° 

Ni° 

Ni° 

Ni° 

800 

La203 

23 

La203 

15 

La203 

18 

La203 

13 

Ni° 

Ni° 

Ni° 

Ni° 

25 

La203 

25 

La203 

17 

La203 

19 

La203 

14 

Ni° 

Ni° 

Ni° 

Ni° 

results  obtained  by  ICP  analyses  and  indicating  that  a  small  frac¬ 
tion  of  nickel  has  been  segregated  to  the  surface.  In  the  substituted 
LaNio.95Rho.05O3  samples,  neither  changes  in  the  diffraction  lines 
of  the  perovskite  phase  nor  the  appearance  of  new  lines  relative 
to  crystalline  Rh203  were  observed.  It  is  interesting  to  point  out 
that  even  the  precursor  synthesized  by  impregnation  exhibits  the 
characteristic  diffraction  lines  of  the  LaNi03  perovskite  structure. 
This  observation  indicates  that  during  air  calcining,  a  solid-state 
reaction  occurs  between  the  NiO  particles  deposited  on  the  surface 
and  the  topmost  layers  of  La203  particles,  yielding  the  LaNi03  per¬ 
ovskite  structure.  By  applying  the  Scherrer  equation  to  the  most 
intense  diffraction  lines  in  the  XRD  patterns  [24],  the  average  val¬ 
ues  of  crystallite  sizes  were  calculated  for  the  calcined,  reduced  and 
used  samples.  In  these  calculations,  the  most  intense  reflection  of 
the  perovskite  phase  at  32.8°  was  selected  for  the  calcined  samples, 
whereas  for  Ni°,  the  reflection  chosen  was  at  44.5°  for  the  reduced 
samples.  Table  2  compiles  the  main  crystalline  phases  and  average 
crystallite  sizes  for  all  samples.  Nickel  crystallite  sizes  of  calcined 
samples  are  in  the  15-22  nm  range,  being  somewhat  larger  for  the 
LaNi03-sg  sample.  In  addition,  Ni°  crystallite  sizes  in  the  reduced 
samples  showed  the  same  trend  observed  for  the  calcined  coun¬ 
terparts,  indicating  that  there  is  not  an  accentuated  sintering  of 
metal  particles  during  H2-reduction  (cf.  Table  2).  Comparing  Rh- 
containing  samples  with  the  equivalent  catalysts  without  Rh,  one 
can  notice  that  the  addition  of  the  noble  metal  reduced  the  nickel 
crystallite  sizes  for  all  tested  conditions  (calcined  and  reduced, 
regardless  of  the  temperature),  in  agreement  with  a  previously 
reported  work  [25]. 

XRD  patterns  of  the  used  samples  (not  shown)  showed  one 
peak  at  44.4°,  indexed  to  Ni°  (JCDF  0031043)  and  peaks  indexed 
to  La(OH)3  and  La203  species.  Ni°  crystallite  sizes  of  the  used 
catalysts  increased  as  compared  to  that  of  the  perovskite-type  pre¬ 
cursor  (Table  2),  with  the  exception  of  the  LaNi03-sg  sample,  which 
remained  virtually  unchanged.  The  increase  observed  in  crystallite 
size  was  more  accentuated  for  co-precipitated  catalysts  (LaNi03-cp 
and  LaNi0.95Rh0.06O3-cp)  than  for  those  synthesized  by  the  sol-gel 
method.  Consequently,  when  subjected  to  the  reaction  environ¬ 
ment,  sintering  and  growth  of  Ni  particles  appear  to  be  inhibited  in 
samples  synthesized  by  the  sol-gel  method  [26].  Peaks  of  graphitic 
carbon  were  observed  in  all  catalytic  test  samples  with  similar 
intensities.  As  expected,  the  intensities  of  these  peaks  were  larger 
for  the  samples  tested  at  650  °C. 


In  situ  XRD  analyses  were  performed  during  a  reduction- 
oxidation-reduction  cycle  for  all  the  samples.  The  diffraction  pat¬ 
terns  were  recorded  at  different  temperatures  and  a  list  of  the 
main  phases,  detected  as  a  function  of  reduction  temperature, 
is  shown  in  Table  3.  As  it  can  be  seen,  samples  synthesized  by 
co-precipitation  showed  smaller  nickel  crystallite  sizes,  which 
decrease  with  the  addition  of  rhodium.  As  an  example,  these 
diffraction  patterns  are  shown  in  Fig.  1  for  the  LaNio.95Rho.05O3- 
cp.  Ni3+  cations  become  reduced  to  metal  (Ni°)  during  the  first 
reduction,  whereas  lanthanum  forms  its  respective  oxide  (La203) 
upon  increasing  the  reduction  temperature.  All  diffraction  patterns 
show  a  phase  change  around  400  °C,  which  is  attributed  to  the 
reduction  of  the  LaNi03  phase  into  a  brownmillerite  intermediate 
structure  La2Ni205>  in  which  nickel  ions  are  in  the  oxidation  state 
Ni(II)  [27].  At  temperatures  above  600  °C,  the  crystal  structure  col¬ 
lapses,  with  the  subsequent  formation  of  Ni°  crystallites  deposited 
on  the  La203,  in  agreement  with  previously  reported  works.  For 
the  re-oxidized  samples,  the  XRD  results  indicate  that  the  catalysts 
can  reversibly  interchange  between  a  perovskite-type  structure  and 
nickel  nanoparticles  supported  on  La203)  throughout  the  oxida¬ 
tion,  reduction  and  re-oxidation  cycle.  LJnder  reducing  conditions, 
the  metal  emerges  from  the  framework  of  the  perovskite  to  form 
metallic  clusters  or  nanoparticles.  Under  oxidative  conditions,  the 
metal  re-enters  the  framework  to  refresh  itself.  Through  these 
experiments,  it  was  confirmed  that  nickel  can  move  back  and 
forth  between  the  B-site  in  the  perovskite  structure  and  the  metal¬ 
lic  nanoparticles,  responding  to  the  inherent  cycling  between  an 
oxidative  and  a  reductive  environment.  In  addition,  we  observed  a 
small  increase  of  the  nickel  crystallite  size  after  the  redox  cycles, 
for  all  samples. 

3.2.2.  Temperature-programmed  reduction 

Fig.  2  displays  TPR  profiles  of  LaNi!_xRhx03  samples  and  of 
Ni/La203.  The  profile  corresponding  to  the  impregnated  sample 
(curve  A)  exhibits  two  main  peaks  around  340  and  470  °C.  According 
to  in  situ  XRD  data,  the  lower  temperature  peak  is  usually  attributed 
to  the  reduction  of  Ni3+  into  Ni2+  and  to  the  formation  of  a  La2Ni20s 
phase.  On  the  other  hand,  the  higher  temperature  peak  can  be  asso¬ 
ciated  to  the  reduction  of  the  brownmillerite  La2Ni205  phase  to  Ni° 
and  La203>  which  is  also  consistent  with  in  situ  XRD  profiles  previ¬ 
ously  presented.  Generally,  the  reduction  of  perovskite-type  oxides 
leads  to  metallic  nickel  particles  dispersed  on  La203  [15]. 
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Fig.  1.  In  situ  XRD  of  LaNi0.95Rho.o503-cp  as  synthesized,  reduced  and  oxidized  at  different  temperatures:  (v)  LaNi03;  (•)  Ni°;  (*)  La203;  (0)  La2Ni205. 


Profiles  (B)  and  (C)  are  relative  to  the  reduction  patterns  of 
LaNi03  prepared  by  the  sol-gel  and  the  co-precipitation  meth¬ 
ods,  respectively.  These  profiles  exhibit  two  major  H2  consumption 
peaks,  like  the  ones  observed  for  the  impregnated  sample.  How¬ 
ever,  these  peaks  are  shifted  around  40  °C  to  higher  reduction 
temperature.  Since  the  major  phase  detected  by  XRD  for  all  these 
samples  was  LaNi03,  this  difference  in  the  reduction  temperature 
is  probably  due  to  the  differences  observed  in  the  BET  area.  Since 
the  reduction  process  of  these  oxides  is  usually  diffusion,  con- 


Fig.  2.  Temperature-programmed  reduction  profiles  of  oxide  precursors: 
(A)  LaNi03-imp;  (B)  LaNi03-sg;  (C)  LaNi03-cp;  (D)  LaNi0.95Rh0.05O3-sg;  (E) 
LaNio.95  Rho.05  03  -cp. 


trolled  by  water  molecules  moving  from  the  inner  layers  to  the 
surface  of  the  material,  smaller  particles  are  easily  reduced.  It  has 
already  been  pointed  out  that  the  specific  surface  area  of  all  sam¬ 
ples  is  mainly  due  to  the  external  surface  of  the  particles,  with  the 
impregnated  sample  presenting  the  highest  BET  area.  Therefore,  it 
is  expected  that  LaNi03  oxides  synthesized  by  co-precipitation  and 
by  sol-gel  methods  would  be  more  difficult  to  reduce,  since  they 
have  smaller  BET  areas.  Besides,  the  two  major  H2-consumption 
peaks,  the  previously  discussed  B  and  C  profiles,  also  showed  a 
shoulder  at  lower  temperature,  around  290 0  C,  which  could  be  asso¬ 
ciated  to  the  reduction  of  a  small  amount  of  a  segregated  nickel 
oxide  phase,  as  observed  by  the  XRD  analysis. 

The  addition  of  rhodium  to  the  perovskite-type  oxides  did  not 
have  a  strong  effect  on  the  reduction  profiles  of  these  materials. 
The  only  difference  is  that  the  main  peaks  appear  shifted  by  ca. 
20  °C  toward  lower  reduction  temperatures.  As  rhodium  is  reduced 
at  lower  temperatures  than  Ni3+  and  Ni2+,  the  generated  Rh  atoms 
can  increase  the  reducibility  of  the  cationic  nickel  via  spillover  of 
H-atoms  [22]. 

3.3.  Surface  composition  for  calcined  and  activated  oxide 
precursors 

The  chemical  state  of  the  elements  and  the  surface  composi¬ 
tion  of  the  calcined  and  activated  samples  of  LaNii_xRhx03  oxides 
were  determined  by  X-ray  photoelectron  spectroscopy.  The  bind¬ 
ing  energies  ofO  Is,  C  Is,  Ni  2p^2,  La3d5/2  and  Rh3d5/2  core-levels 
of  calcined  LaNi!_xRhx03  are  presented  in  Table  4.  Ni  2p  signals  are 
complex  because  of  the  overlapping  of  the  Ni  2p3/2  and  La  3d3/2 
signals,  which  conceals  both  an  accurate  measurement  of  nickel 
binding  energy  as  well  as  its  intensity.  In  order  to  be  able  to  ana¬ 
lyze  the  nickel  data,  the  less  intense  Ni  2p^2  component  of  the 
Ni  2p  doublet  was  selected  for  binding  energy  measurements  and 
quantification.  According  to  the  literature,  the  most  intense  feature 
of  Ni  2p3/2  around  855  eV  arises  from  Ni2+/Ni3+  ions  surrounded 
by  oxide  ions  [28].  The  Ni  2p1/2  binding  energies  at  872.9-873.1  eV 
(Table  4)  point  to  the  presence  of  ionic  nickel  species.  Due  to  the 
close  similarity  of  binding  energies  of  Ni2+  and  Ni3+,  it  is  diffi¬ 
cult,  if  not  impossible,  to  discriminate  between  both  species  by 
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Table  4 

Binding  energy  (eV)  of  core  electrons  of  LaNi  perovskite  samples 


photoelectron  spectroscopy  alone.  However,  the  observation  of  a 
satellite  line,  which  is  the  fingerprint  of  Ni2+  ions,  can  be  taken 
as  conclusive  for  the  presence  of  an  important  proportion  of  Ni2+ 
on  the  surface.  The  La  3d5/2  and  La  3d3/2  signals,  split  by  4.3  eV 
in  two  components,  which  have  been  assigned  to  the  transfer  of 
an  oxygen-centered  electron  to  the  empty  4f  shell  accompanying 
the  ionization  process  [29].  The  corresponding  binding  energies 
of  La  3d5/2  peak  at  834.5-834.7  eV  (Table  4)  are  lower  than  those 
measured  for  La(OH)3  and  similar  to  those  of  La203  [30].  However, 
the  low  resolution  of  the  two  La  3d5/2  peak  components  suggests 
the  presence  of  other  species  such  as  La202C03  and/or  La(OH)3 
[31].  The  chemical  state  of  oxygen  on  the  surface  was  also  exam¬ 
ined.  The  Ols  spectra  of  all  samples  are  showed  in  Fig.  3,  showing 
three  components  at:  (i)  528.4-528.9  eV;  (ii)  530.2-530.9  eV;  (iii) 
531.5-532.4  eV.  Type  (i)  peak  is  usually  ascribed  to  weakly  bonded 
oxygen  (O2-),  while  types  (ii)  and  (iii)  components  may  arise  from 
lattice  oxygen  and  hydroxyl/carbonate  groups,  respectively  [32,33]. 
The  C  Is  core-level  (Fig.  4)  showed  two  components  at  284.9  and 
285.6  eV  due  to  CC/CH  and  C— 0  bonds  of  carbon  contamination, 
respectively,  and  a  third  one  at  289.2-289.4  eV,  which  is  character¬ 
istic  of  carbonate  species.  These  carbonate  structures  are  developed 
in  La-based  perovs kite-type  oxides  as  a  consequence  of  carbonation 


of  the  basic  La3+  cations,  when  exposed  to  room  atmosphere.  For  the 
two  calcined  LaNi0.95Rh0.05O5  samples  (Fig.  5),  the  binding  energy 
of  the  Rh  3d5/2  signal  appeared  at  308.8-309.2  eV,  which  is  typical 
of  Rh3+  ions  surrounded  by  oxide  anions  [34].  For  the  reduced  sam¬ 
ples,  there  is  a  shift  of  the  binding  energies  of  the  Rh  3d5/2  signal  to 
307.1-307.2  eV,  indicating  the  presence  of  metallic  rhodium  on  the 
surface. 

Quantification  of  the  Ni/La  and  Rh/La  surface  atomic  ratios  for 
calcined  and  activated  samples  are  summarized  in  Table  5,  calcu¬ 
lated  from  the  intensities  of  the  La  3d5/2,  Ni  2p^2  and  Rh  3d5/2 
signals,  with  atomic  sensitivity  factors  given  by  Wagner  et  al.  [35]. 
It  can  be  noted  that  the  Ni/La  ratios  for  the  calcined  samples  are 


Fig.  3.  Phoelectron  spectra  of  the  Ols  core-level  of  oxide  precursors:  LaNi03-sg,  Fig.  4.  Phoelectron  spectra  of  the  C  Is  core-level  of  oxide  precursors:  LaNi03-sg, 
LaNi03-cp,  LaNi0.95Rh0.05O3-sg  and  LaNi0.95Rho.o503-cp.  LaNi03-cp,  LaNi0.95Rho.o503-sg  and  LaNi0.95Rho.o503-cp. 
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Fig.  5.  Phoelectron  spectra  of  the  Rh  3d  core-level  of  the  activated  solids:  LaNi0.95Rho.o503-sg  and  LaNi0.95Rh0.05O3-cp. 


slightly  higher  than  the  expected  theoretical  values  derived  from 
the  composition  for  both  the  LaNi03  and  LaNio.95Rho.05O3  sam¬ 
ples.  The  Ni-enrichment  observed  in  the  LaNi03  samples  agrees 
with  ICP,  X-ray  diffraction  and  TPR  profiles,  which  showed  the 
presence  of  a  minor,  separate  NiO  phase  deposited  on  the  LaNi03 
substrate.  In  addition,  surface  La3+  cations  of  the  perovskite-type 
phase  are  partly  carbonated,  as  judging  from  the  high  C032-/La 
surface  ratios  (Table  5).  The  concentration  of  surface  carbonates 
decreased  slightly  in  the  LaNio.95Rho.05O3  samples.  On  the  other 
hand,  the  Rh/La  surface  atomic  ratios  were  higher  than  the  nomi¬ 
nal  values.  This  fact  suggests  the  presence  of  a  rhodium  oxide  phase, 
produced  from  Rh  runoff  from  the  perovskite-type  structure  dur¬ 
ing  catalyst  synthesis.  For  the  activated  samples,  it  is  important 
to  point  out  that  the  Ni/La  ratios  increased  for  all  solids,  indicat¬ 
ing  that  there  is  an  enrichment  of  the  surface  with  nickel.  This 
effect  was  more  evident  for  the  rhodium-containing  catalysts,  espe¬ 
cially  for  LaNi0.95Rh0.05O3-cp.  Therefore,  the  presence  of  rhodium 
increases  the  amount  of  nickel  on  the  surface.  This  result  about  pro¬ 
motion  function  of  the  noble  metals  has  already  been  reported  in 
the  literature  [36]. 

3.4.  Transmission  electron  microscopy 

TEM  images  of  the  LaNii_xRhx03  catalysts,  both  activated  and 
after  5  h  on-stream,  are  displayed  in  Fig.  6.  The  images,  obtained 

Table  5 

Surface  atomic  ratios  of  LaNi  perovskite  samples 


for  the  reduced  samples,  show  that,  in  general,  catalysts  synthe¬ 
sized  by  co-precipitation  produced  smaller  nickel  particle  than 
those  obtained  by  the  sol-gel  method,  which  is  in  agreement  with 
the  XRD  results.  Usually,  the  metallic  nickel  particles  are  spheri¬ 
cal,  with  sizes  between  10  and  25  nm.  The  reduced  and  the  used 
catalysts  presented  opposite  trends  regarding  the  particle  sizes,  as 
shown  by  TEM  images.  As  observed  by  XRD  analyses,  TEM  results 
showed  that  nickel  particles  sintered  more  during  catalytic  tests 
for  samples  prepared  by  co-precipitation  than  the  counterparts 
obtained  by  sol-gel.  Another  feature  detected  for  the  used  sam¬ 
ples  is  the  presence  of  nanotube-type  carbon  deposits.  This  is  in 
agreement  with  previous  reports  in  the  literature  [37],  which  also 
show  that  the  presence  of  metallic  nickel,  with  particle  sizes  within 
the  range  obtained  in  this  work(?)  favors  the  formation  of  fila¬ 
mentous  carbon  deposits.  The  diameters  of  the  nanotubes  were 
similar  to  that  of  their  precursor  nickel  counterpart,  being  nar¬ 
rower  for  the  samples  synthesized  by  the  sol-gel  method  than 
those  obtained  by  co-precipitation.  In  addition,  TEM  images  of 
used  samples  show  that  these  nanotubes  are  multi-walled,  which 
is  also  consistent  with  the  range  of  nickel  particle  sizes  observed. 
Similarly,  Ermakova  et  al.,  when  decomposing  methane  on  nickel 
catalysts,  reported  the  formation  of  multi-walled  carbon  nanotubes 
[5]. 

3.5.  Catalytic  activity 

Methane  conversion  as  a  function  of  time  measured  at  450  °C 
is  presented  in  Fig.  7.  Being  far  from  thermodynamic  constraints, 
results  at  this  temperature  allow  the  comparison  of  catalysts  perfor¬ 
mances.  No  methane  decomposition  products  other  than  hydrogen 
were  detected  in  the  effluent  gas  during  the  experiments.  Thus, 
deposited  carbon  and  hydrogen  can  be  regarded  as  the  only  prod¬ 
ucts  of  methane  decomposition.  At  the  experimental  conditions 
used,  all  catalysts  show  activity  in  the  methane  decomposition 
process,  with  methane  conversions  ranging  between  14%  and  28%. 
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Fig.  6.  TEM  images  of  the  activated  materials  and  after  5  h  on  stream:  (a)  LaNi03-sg;  (b)  LaNi03-cp;  (c)  LaNi0.95Rho.o503-sg;  (d)  LaNi0.95Rho.o503-cp. 


The  catalytic  activities  decrease  only  slightly  with  time  for  all  the 
studied  solids,  in  spite  of  the  increasing  concentration  of  carbon 
deposited  on  the  catalysts  during  the  tests.  The  mechanism  for  CDM 
includes  steps  to  dissociate  methane,  generating  adsorbed  hydro¬ 
gen  atoms  and  carbon  on  the  surface  [13,38,39].  Subsequently,  there 
is  the  diffusion  of  carbon  through  the  nickel  particle  and  the  precip¬ 
itation  of  this  carbon  on  the  support  side,  forming  the  nanotubes. 
It  is  also  possible  that  carbon  deposits  end  up  encapsulating  the 


Fig.  7.  CH4  conversions  as  a  function  of  time  on  stream  at  450  °C  for  catalysts  derived 
from:  (□)  LaNi03-imp;  (a)  LaNi03-sg;  (O)  LaNi03-cp;  (■)  LaNio.95Rho.o503-sg;  (0) 
LaNi0.95Rh0.05O3-cp  precursors.  WHSV  =  200  h_1 ,  CH4  =  3%. 


nickel  particles,  which  leads  to  catalyst  deactivation.  The  surface 
equations  of  this  mechanism,  according  to  Chen  et  al.  [39],  are  listed 
below: 

Methane  dissociation 
CH4  +  2S  «=;  CH3-S  +  H-S 

CH3-S  +  S  ^  CH2-S  +  H-S 

CH2-S  +  S  <=»  CH-S  +  H-S 

CH-S  +  S  ^  C-S  +  H-S 
Hydrogen  desorption 
2H-S  <=>  H2  +  2S 
Carbon  dissolution/segregation 
C-S  ±=*  CNi  f  +  S 

Carbon  diffusion  through  the  nickel  particle 

Qsii,f  ^  CNi,r 
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Carbon  dissolution/precipitation 
CNi,r^  Cf 

Encapsulation  carbon  formation 
nC-S  ^  Cenc 

where  S  is  an  adsorption  site,  CNi  f  represents  the  carbon  dissolved 
in  the  front  part  of  a  nickel  particle,  CNir  represents  the  carbon 
dissolved  in  the  portion  of  the  nickel  particle  in  contact  with 
the  support  and  Cenc  represents  the  carbon  that  encapsulates  the 
nickel  particles,  which  leads  to  the  catalyst  deactivation. 

The  fact  that  the  catalysts  maintain  their  activities  even  after 
massive  carbon  deposition  indicates  that  these  deposits  are  of  the 
nanotube-type.  In  addition,  the  reaction  occurs  in  a  way  that  a  crys¬ 
tal  face  of  the  nickel  or  rhodium  particle  is  always  clean  enough  to 
expose  sufficient  active  sites  to  make  the  catalytic  process  continue. 

The  highest  methane  conversion  values  were  achieved  by 
the  catalyst  obtained  from  LaNio.95Rho.05O3  synthesized  by  co¬ 
precipitation.  This  behavior  could  be  explained  by  the  formation  of 
highly  dispersed  Rh  clusters,  which  remain  on  the  perovskite-type 
and/or  La203  substrate  during  on-stream  operation.  XPS  results 
of  activated  precursors  showed  that  LaNio.95Rho.05O3  synthesized 
by  co-precipitation  had  a  higher  Ni/La  ratio.  This  confirms  that 
nickel  dispersion  is  favored  by  the  addition  of  rhodium.  TPR  anal¬ 
ysis  also  showed  that  the  presence  of  Rh  increases  the  reducibility 
of  Ni3+/Ni2+  cations  from  the  perovskite-type  oxides,  producing  a 
higher  concentration  of  the  active  phase  on  the  surface  of  the  sup¬ 
port.  In  general,  a  relationship  seems  to  exist  among  specific  surface 
area,  particle  size  and  catalytic  behavior  in  the  reaction. 

In  order  to  observe  how  the  performances  of  these  catalysts 
were  affected  by  the  reaction  temperature,  the  same  catalytic  tests 
were  performed  at  650  °C  using  LaNio.gsRho.osC^-cp  and  LaNi03-sg. 
The  results  are  shown  in  Fig.  8.  As  expected,  LaNi0.95Rh0.05O3-cp 
exhibited  a  better  performance,  around  50%  of  methane  conver¬ 
sion,  when  compared  to  LaNi03-sg  (around  20-30%).  However,  for 
LaNi0.95Rh0.05O3-cp,  the  test  had  to  be  interrupted  after  100  min 
due  to  pressure  rise  in  the  reactor,  caused  by  massive  carbon 
deposits.  Both  samples  deactivated  slowly  with  time.  This  effect 
of  stronger  catalyst  deactivation  during  methane  decomposition 
while  using  higher  reaction  temperature  was  previously  reported  in 


Fig.  8.  CH4  conversions  as  a  function  of  time  on  stream  at  650  °C  for  catalysts  derived 
from:  (a)  LaNi03-sg;  (0)  LaNi0.95Rho.o503-cp  precursors.  WHSV=  100 h-1,  CH4  =  3%. 
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Fig.  9.  CH4  conversions  as  a  function  of  temperature  during  two  consecutive 
activation-reaction-oxidation  cycles.  (A)  LaNi03-sg;  (B)  LaNi0.95Rh0.05O3-cp  precur¬ 
sors.  WHSV  =  200  h-1 ,  CH4  =  3%. 


the  literature  by  Villacampa  et  al.  [  13  ]  and  Chen  et  al.  [39].  According 
to  these  authors,  this  happens  because  of  an  imbalance  between  the 
rates  of  carbon  deposition  and  nanotube  formation,  which  causes 
encapsulating  of  the  active  particles. 

In  addition  to  these  catalytic  tests  performed  at  higher  temper¬ 
ature,  we  also  used  the  same  catalysts  to  probe  the  regeneration 
capabilities  by  doing  a  reaction-regeneration-activation-reaction 
cycle  as  a  function  of  reaction  temperature.  The  results  presented  in 
Fig.  9  show  that  the  activity  of  both  samples  was  very  similar  during 
the  first  and  second  reaction  cycle.  There  was  only  a  small  loss  of 
activity  for  both  samples,  which  could  be  explained  by  in  situ  XRD 
results.  As  these  data  demonstrated,  when  the  sample  is  submitted 
to  the  oxidation  (regeneration)  cycle,  the  perovskite-type  struc¬ 
ture  is  regenerated.  This  structure  helps  to  avoid  the  sintering  of 
the  nickel  particles  that  is  so  common  during  reduction-oxidation 
cycles. 

In  order  to  confirm  the  regeneration  capabilities  of  this 
perovskite-like  type  structures,  we  also  conducted  a  series 
of  5  activation-reaction-regeneration  cycles  at  450  °C  for 
LaNi0.95Rh0.05O3-cp.  The  data  are  presented  in  Fig.  10.  Each 
reaction  cycle  lasted  3h.  Methane  conversion  was  maintained 
stable  even  after  several  cycles  of  activation,  reaction  and  regen¬ 
eration.  Again,  this  result  agrees  well  with  in  situ  XRD  data  and 
with  the  other  regeneration  cycles  performed  before.  In  addition, 
thermal  gravimetric  analysis  data  also  show  that  the  regeneration 
procedure  is  able  to  remove  all  carbon  deposits  on  the  catalyst  sur¬ 
face.  Therefore,  it  can  be  said  that  during  the  oxidation  treatment, 
nickel  particles  are  free  of  carbon  deposits  and  can  migrate  back  to 
the  perovskite-like  structure  as  shown  by  XRD  data.  The  fact  that 
this  structure  is  regenerated  avoids  the  sintering  of  nickel  particles 
and  maintains  the  catalyst  activity. 
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Fig.  10.  CH4  conversions  as  a  function  of  time  on  stream  during  five  consecutive  activation-reaction-oxidation  cycles  using  the  LaNi0.95Rho.o503-cp  sample.  Reaction 
temperature  =  450  °C,  WHSV  =  200  h_1  and  CH4  =  3%. 

4.  Conclusions  References 


All  synthesized  samples  showed  a  perovskite  structure  as 
the  main  phase,  with  high  stability  even  when  subjected  to 
reduction-oxidation-reduction  cycles. 

LaNi03  reduce  to  a  brownmillerite  intermediate  La2Ni205  struc¬ 
ture,  which  collapses  through  the  formation  of  Ni°  crystallites 
deposited  on  the  La203.  On  the  Rh-loaded  perovs kites,  highly  dis¬ 
persed  Rh  clusters  are  formed  and  remain  on  the  perovskite-type 
and/or  La203  substrate  during  on-stream  operation,  confirming 
that  nickel  dispersion  is  favored  by  the  addition  of  rhodium. 
TPR  analysis  also  showed  that  the  presence  of  Rh  increases  the 
reducibility  of  Ni3+/Ni2+  cations  from  the  perovskite-type  oxides, 
producing  a  higher  concentration  of  the  active  phase  on  the  surface 
of  the  support.  A  relationship  among  specific  surface  area,  particle 
size  and  catalytic  behavior  in  the  reaction  is  invoked.  Under  oxida¬ 
tive  conditions,  the  perovskite  system  becomes  reversible  with 
nickel  re-entering  the  LaNi03  framework  structure  accounting  for 
the  regenerative  capability  of  these  solids. 

At  reaction  temperatures  as  low  as  450  °C,  methane  was  decom¬ 
posed  into  carbon  and  H2,  with  LaNi0.95Rh0.05O3  synthesized  by 
co-precipitation  being  the  most  active  catalyst.  All  catalysts  main¬ 
tained  sustained  activity  even  after  massive  carbon  deposition, 
indicating  that  these  deposits  are  of  the  nanotube-type.  The  reac¬ 
tion  seems  to  occur  in  a  way  that  a  nickel  or  rhodium  crystal  face 
is  always  clean  enough  to  expose  sufficient  active  sites  to  make  the 
catalytic  process  continue. 
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